Non-glaciated Arctic lowlands in north-east Siberia were subjected to extensive landscape and environmental changes during the Late Quaternary. Coastal cliffs along the Arctic shelf seas expose terrestrial archives containing numerous palaeoenvironmental indicators (e.g., pollen, plant macro-fossils and mammal fossils) preserved in the permafrost. The presented sedimentological (grain size, magnetic susceptibility and biogeochemical parameters), cryolithological, geochronological (radiocarbon, accelerator mass spectrometry and infrared-stimulated luminescence), heavy mineral and palaeoecological records from Cape Mamontov Klyk record the environmental dynamics of an Arctic shelf lowland east of the Taymyr Peninsula, and thus, near the eastern edge of the Eurasian ice sheet, over the last 60 Ky. This region is also considered to be the westernmost part of Beringia, the non-glaciated landmass that lay between the Eurasian and the Laurentian ice caps during the Late Pleistocene. Several units and subunits of sand deposits, peat-sand alternations, ice-rich palaeocryosol sequences (Ice Complex) and peaty fillings of thermokarst depressions and valleys were presented. The recorded proxy data sets reflect cold stadial climate conditions between 60 and 50 Kya, moderate inderstadial conditions between 50 and 25 Kya and cold stadial conditions from 25 to 15 Kya. The Late Pleistocene to Holocene transition, including the Allerød warm period, the early to middle Holocene thermal optimum and the late Holocene cooling, are also recorded. Three phases of landscape dynamic (fluvial/alluvial, irregular slope run-off and thermokarst) were presented in a schematic model, and were subsequently correlated with the supraregional environmental history between the Early Weichselian and the Holocene.
Permafrost is the most widely distributed, climatically induced geophysical phenomenon in terrestrial polar regions. Extreme cooling under the influence of stable eastern Siberian anticyclone winter conditions was a prerequisite for the formation of thick and spatially extensive permafrost. The permafrost in eastern Siberia is closely connected with cold and dry climate conditions, stable over long periods, and the absence of large ice sheets in the past. During the Late Pleistocene cold periods, global sea level lowering exposed large portions of the Arctic shelves, and an extensive subaerial shelf plain was formed in north-eastern Siberia. Various palaeoenvironmental records are preserved in permafrost sequences that are exposed along Siberian Arctic coasts and riverbanks. They were used for reconstructing the Late Pleistocene-Holocene palaeoenvironment of the Laptev Sea region, which has been intensively studied during the last 10 years by joint projects within the framework of the Russian-German scientific collaboration "System Laptev Sea". Both frozen sediment sequences and ground ice are considered archives rich in palaeoenvironmental information. For their investigation, a multidisciplinary approach was used in order to understand different aspects of Arctic environmental conditions and their variations during the Late Quaternary. Records were studied with various disciplines, such as geocryology, sedimentology, pedology, geomorphology, hydrochemistry, isotope geochemistry of ground ice and palaeoecology (e.g., Schirrmeister, Siegert, Kunitsky et al. 2002; Schirrmeister, Siegert, Kuznetsova et al. 2002; Meyer, Dereviagin, Siegert, Schirrmeister & Hubberten 2002; Andreev et al. 2002; Kienast et al. 2005; Kienast et al. 2008 ). Fieldwork at Cape Mamontov Klyk in the western Laptev Sea region of Arctic Siberia in the summer of 2003 ( Fig. 1 ) followed this approach (Schirrmeister et al. 2004) . Permafrost archives are the only available longterm palaeoenvironmental records in north-east Siberia. Exposures such as the one presented here offer transects across buried Late Quaternary landscapes, and thus reflect the spatial variability of the landscape and the genetic processes leading to its development. This paper represents the first compilation of numerous local palaeoenvironmental data from the western Laptev Sea region. The objective is to interpret palaeo-climate, landscape and permafrost dynamics of the region during the last 50 Ky, and to integrate these with knowledge about the Late Quaternary environmental history of the Eurasian north. The presented palaeoenvironmental records serve as reference datasets for ongoing studies of offshore subsea permafrost deposits at the Cape Mamontov Klyk coast ).
Geography and geology of the study site
Mamontov Klyk lies within the continuous permafrost zone, with permafrost reaching 200-300 m in depth (Williams & Warren 1999) . The regional geomorphology is determined by the Pronchishchev Ridge in the south, stretching parallel to the coast from north-west to southeast, and a 30-40-km-wide sedimentary plain north of these mountains (Fig. 1a) . The maximum height of the Pronchishchev Ridge (315 m a.s.l.) is reached in the headwaters of the Urasalakh River. The sedimentary plain is gently inclined towards the Laptev Sea coast with heights from 60 to 75 m a.s.l. close to the Pronchishchev Ridge, and 25-35 m a.s.l. at the coast (with an inclination angle of <0.1°). Watersheds are characterized by large streams that originate in the southern hill range and flow through wide valleys with gentle slopes, and by dendritic nets of thermoerosional valleys with steep slopes and flat bottoms, which drain the higher elevations of the lowland plain ( Fig. 1b ; Grosse et al. 2006) . The major river flow directions in the region are either south-north or west-east. Some of the large rivers cross the southeastern Pronchishchev Ridge on their way northwards, which can only be explained by recent neotectonic uplift of the Pronchishchev Ridge.
Thermokarst depressions are widely distributed on the sedimentary plain. They occur not only along river valleys but also on interfluves between the river valleys. Most of the elliptical thermokarst basins are oriented in a north-south direction (Fig. 1b) . Remote sensing analyses indicate that about 78% of the plain is affected to some degree by permafrost degradation (Grosse et al. 2006 ). The study area in the vicinity of Cape Mamontov Klyk is situated near the mouth of the Nuchcha Dzhiele River, a meandering stream several tens of metres wide. The study area consists of Yedoma hills (20-40 m a.s.l.), which are separated by several thermoerosional valleys, and thermokarst depressions. Yedoma hills consist of ice-rich permafrost sequences with wide and deep ice wedges, and are erosional remnants of a former periglacial accumulation plain. Yedoma is a special relief form resulting from thermokarst processes affecting ice-rich permafrost landscapes in Yakutia (Solov'ev 1959 (Solov'ev , 1989 . We consider Yedoma to be a morphological structure that is composed of a suite of ice-rich permafrost deposits: the "Ice Complex" . The term "Ice Complex" (Ledovji Kompleks in Russian) was introduced by Solov'ev in 1959. The investigated profiles are located in ice-rich sediments exposed on the coastal bluff, which reaches heights between 10 and 25 m a.s.l (Figs. 2 and 3) .
The Quaternary geological history of the coastal lowland at the Lena-Anabar interfluve remains poorly understood. Russian geologists such as Toll (1894) , Č ekanovskiy (1896) and Tolmačev (1905) made the first geological observations of the region. Toll (1894) provided initial information on the environment, geology and relict ground ice. In an early interpretation, Toll (1894) assumed the huge relict ice bodies observed along the coast to be the remnants of buried glacial ice. New and often contradictory information on the Quaternary geology of the coastal lowland was collected during geological surveys conducted in the second half of the 20th century. Ice-rich silty sand deposits exposed at the lowland coast were interpreted as marine sediments (Sočava 1933; Žukov et al. 1968) , fluvioglacial and fluvial-lacustrine deposits (Puminov 1962 ), cryogenicaeolian or fluvial-lacustrine deposits (Kolpakov 1973) . These investigations are usually based on the well-known stratigraphical scheme of Saks (1953) for the Russian north. Bojarskij & Mitt (1961) correctly defined ice bodies in the ice-rich sediments of the coastal outcrops as large syngenetic ice wedges.
The study area is located in the north-eastern part of the Lena-Anabar depression, in the Olenek zone of the Late Mesozoic folded complex, at the boundary of the Siberian Craton and the Laptev Paraplatformal Block (Drachev et al. 1998) . The main structural elements of the territory are the Upper Cretaceous to Cenozoic onshore sedimentary cover (terrestrial and shelf parts) and the Lena-Taymyr uplift (the recent shelf part). The entire Laptev Sea region was, and continues to be, seismically active up until the present day.
Material and methods
The coastal bluff was divided into several subsections. Surveying of vertical profile lines, the coastline and outcrop areas were carried out using a laser tachymeter (Zeiss ELTA 3) and measuring tape, followed by an initial stratigraphic assessment and detailed sampling of the permafrost sequences. In general, field studies were difficult because of the limited accessibility of the steep permafrost outcrops and extensive mudflows on the slopes. Two large vertical composite profiles (profiles 1 and 2) were obtained consisting of several subprofiles, mostly exposed on thermokarst mounds, consisting of still-frozen, undisturbed erosional remains of polygonal centres at the coastal bluff. Both profiles extend from sea level to the top of the cliff (Fig. 2) . Additionally, deposits from a thermoerosional valley and from a thermokarst depression were studied. The subprofiles were labelled with the abbreviation "Mak" in the chronological order of field sampling (from Mak-1 to .
The frozen sediments were described by colour, lithology, organic remains and cryostructures. Each subprofile was sampled at 0.5-1.0-m intervals. About 0.5-1 kg of frozen sediment was collected with a hammer or a small axe, and was then stored in sealed plastic bags. Additional samples were collected in aluminium boxes for field determination of the gravimetric ice content. The gravimetric ice content is determined as the ratio of the mass of ice in a sample to the mass of the dry sample (and is expressed as a percentage) (van Everdingen 1998).
All sediment samples were freeze-dried (Christ ALPHA 1-4) in the laboratory, and were carefully homogenized manually, without destroying the grain size, and finally were split into equal parts for the various analyses. A laser particle analyser (Coulter LS 200) was used to measure the grain-size distribution. Samples were treated with hydrogen peroxide before grain-size analysis to remove organic matter. The mass-specific mineral magnetic susceptibility (MS) was determined with an MS meter (Bartington MS2) with the sensor type MS2B. The values of MS are expressed in SI units (10
). The contents of total organic carbon (TOC), total carbon (TC) and nitrogen (N) were measured with a CNS analyser (Elementar vario EL III). Stable carbon isotope ratios (d 13 C) of TOC were measured with a Finnigan DELTA S mass spectrometer.
Heavy minerals were analysed on the 63-125 mm subfraction. The heavy minerals were separated using sodium metatungstate solution with a density of 2.89 g cm . The mineralogical composition was analysed on microscope slides under polarized light. About 300-400 grains of each sample were counted. The mineralogical composition was calculated in grain percentages.
Selected organic material was dated using the accelerator mass spectrometry (AMS) facilities at the Leibniz Laboratory for Radiometric Dating and Stable Isotope Research (Kiel University, Germany). The Leibniz Laboratory reduces the background that is inherent to the spectrometer, which results in low background count rates of the detector, equivalent to an apparent age of 75 Ky (gated background) (Nadeau et al. 1997 ; for details of the Leibniz Laboratory AMS procedures, also see Nadeau et al. 1998 .)
The sediment ages of three samples from section Mak-1 have been determined using optically stimulated luminescence (OSL) dating (Aitken 1998) . Quartz in the 100-150-mm fraction was analysed. Determinations of dose-rate relevant elements (K, Th and U) were carried exposes a diagonally cut fossil ice-wedge system. The dark grey, frozen sediment fillings of polygon centres are surrounded by the light grey ice of the ice wedges.
out by inductively coupled plasma mass spectroscopy (ICP-MS) (Preusser & Kasper 2001) . Water (ice) content was measured from sediment surrounding the samples. All samples investigated here are close to water saturation because they have been taken from permafrost. We used the average measured ice content (35%) and added 10% uncertainty to include possible past changes in the moisture content of the samples (Table 1 ). The contribution from cosmic radiation to the total dose rate was calculated following the method described by Prescott & Hutton (1994) using the present-day depth (ADELE software; Kulig, 2005) . The palaeodose (DE) was measured using the single aliquot regenerative dose (SAR) protocol (Murray & Wintle 2000) , applying a preheating of 230°C for 10 s and a cut-heat to 160°C. This procedure has been cross-checked by several tests, as explained by Wintle & Murray (2006) . For each of the samples, 24 small (2-mm) aliquots were measured, and the majority of those passed the criteria (e.g., recycling) suggested by Murray & Wintle (2000) .
The possible incomplete bleaching of OSL prior to deposition could have been inferred from the distribution pattern of individual D E values. The samples under consideration here are all normally distributed, as indicated by mean/median ratios close to unity. These ratios would be significantly greater than 1.00 for incompletely bleached samples (Preusser et al. 2007 ). Furthermore, the standard deviation of the whole set of individual DE values is about 25%, and is hence within the magnitude observed for other samples that were considered to be well bleached. These observations imply full bleaching of OSL prior to deposition, and standard errors have been used for the calculation of the mean palaeodose (Table 1) .
A standard hydrofluoric acid (HF) technique was used for pollen preparation (Berglund & Ralska-Jasiewiczowa 1986) . The relative frequencies of pollen taxa were calculated from the sum of the terrestrial pollen taxa. Spore percentages are based on the sum of pollen and spores. The relative abundances of reworked taxa (Tertiary spores and redeposited Quaternary pollen) are based on the sum of pollen and redeposited taxa, and the percentages of algae are based on the sum of pollen and algae. TILIA/TILIAGRAPH software (E. Grimm 1991, Illinois State University, Sprinfield, IL, USA) was used for the calculation of percentages and for drawing the diagrams.
For the analysis of plant macro-remains, bulk samples, which had previously been conserved by freeze-drying, were suspended in water and wet-sieved through a 250-mm-mesh screen. After drying, the sieving residues were examined for their macro-fossil content using a binocular microscope. The mass of sample material used depended on its availability, and varied between 30 g for peat (which has a large volume/mass ratio) and 200 g for minerogenous material. After picking, plants were identified by comparison of plant remains with modern reference material, both herbarium and carpological material. The environmental interpretation of macro-fossil records is based on modern ecology and the geographical distribution of the proven plant species, as described in Dierßen (1996) , Möller (2000) , Tolmachev (1995 Tolmachev ( , 1996 Tolmachev ( , 2000 and Malyschev & Peschkova (2003) . To be consistent with modern vegetation, the reconstructed syntaxa follow the international phytosociological nomenclature (Weber et al. 2000) . The reconstruction of syntaxa was carried out at class level, because the incompleteness of the fossil floral spectra made a finer syntaxonomical resolution impossible.
All mammal bones and fragments were collected, registered and identified during fieldwork in 2003 (Kuznetsova 2004) . The collected bones were divided into five groups according to their location type. The first group contains bones that were found strictly in situ. For the second group of bones we know the altitude of the find, i.e., the level of minimum height of the original position of the bones. This makes it possible to define the area from which the bones come from. The third group contains bones that were found in the exposure, but either in or on debris flows. Bones in the fourth group were collected on the shore directly below the studied section. The latter group includes all bones collected on the small part of the shore near the mouth of the Nuchcha Dzhiele River. Selected bones were dated at the Radiocarbon Laboratory of the Geological Institute in Moscow. 
Results

Local stratigraphy, cryostructures and sediment characteristics
The studied coastal section is 2.2-km long and is situated between the Nuchcha Dzhiele River mouth and a deep thermoerosional ravine to the east (Fig. 2) . The coast is characterized by steep bluffs (Fig. 3a ) that erode into Yedoma hills. These are intersected by the Nuchcha Dzhiele River valley and its alluvial terraces, by several flat-bottomed thermoerosional valleys and by narrow but deep thermoerosional ravines. The exposure is divided into four main units, A-D, based on sedimentological and cryolithological characteristics (Fig. 2) . The subprofiles of the main section were grouped into two composite profiles. Profile 1 includes the units A-D 2, whereas profile 2 consists solely of unit-C deposits ( Fig. 3c ) consists of yellowish-grey, irregularly laminated fine-grained sand, without visible plant remains. The sands contain thin, light-grey, coarsely grained interbeds. The cryostructure is massive (i.e., no segregated ice is visible), and the gravimetric ice contents range from 25 to 40% by weight (Fig. 5 ). Many composite sand-ice wedges (subvertically streaky sand-ice alternations) were formed within unit A. Additionally, the sand unit was penetrated from above by large ice wedges of 2-3 m in width, and by a few small ice wedges (about 0.2-0.5 m in Fig. 4 ) consists of an alternation of four cryoturbated peat-rich horizons, and irregularly laminated, dark-grey silty to fine-grained sandy interbeds (Fig. 3b,c) . The peaty horizons mostly consist of brown moss peat inclusions of 0.2-0.5 m in diameter. They are generally supersaturated with ice (gravimetric ice content 160-220% by weight). The sediment directly below the peatsand complex is brownish to reddish mottled, and appears to be a buried oxic gley-soil horizon. The dark grey silty sand interbeds contain large quantities of finedistributed plant detritus and larger plant remains, such as grass roots and twig fragments. Diagonally oriented black, patchy non-regular stripes rich in organic residues cross the interbeds, caused by infiltration of organic matter. Net-like dark-brown sediment structures were observed in interbed layers of the sub-profile Mak-2 that resemble synsedimentary water-escape structures of instable water-supersaturated sediments. The sandy interbed sediments are ice-rich (gravimetric ice content 26-83% by weight), and have a banded cryostructure (0.5-1-cm thick ice bands). Various generations of small ice wedges were observed within unit B, and can be assigned to individual peaty horizons. The thin ice wedges penetrated into the underlying unit A.
Alternating TOC values (1-15% by weight) and C/N ratios (6-25) reflect the observed peat-sand interbedding. Sandy interlayers have a mean grain size of 80-135 mm (Fig. 5 ). The magnetic susceptibility shows a clear trend towards lower values (60-14 SI) with increasing height, which probably mirrors gradual changes in the sediment composition, i.e., of the sediment source.
Unit C. The transition from unit B to unit C exposed in profile 1 is gradual. Unit C represents the ice-rich permafrost deposits of the Ice Complex ( Fig. 3d) , with their typical large ice wedges reaching from about 25 m a.s.l. down below the sea level in some locations. The Ice Complex deposits exposed between 11 and 24 m a.s.l in profile 1, and between 0 and 17.5 m a.s.l. in profile 2, are composed of alternating mineral-rich (greyish) and organic-rich (brownish) sediment layers (each about 0.2-0.7 m thick). The brownish-coloured horizons contain higher quantities of visible plant fragments, peat inclusions, fine-grained plant detritus and mottled iron oxide impregnations. Such sequences were already described as buried cryosols (e.g., Schirrmeister, Siegert, Kunitsky et al. 2002; Schirrmeister, Siegert, Kuznetsova et al. 2002; . Based on the content of peat and plant material, we subdivide unit C into two subunits. The lower horizon of about 0-2 m a.s.l. in profile 2 (subprofile MAK-12; Fig. 4 ) consists of cryoturbated peat soils with silty to fine sandy interbeds. The upper and main part of unit C is formed by several weakly developed buried cryosols and silty to fine-grained sandy interbeds, with in situ grass roots, fragments of shrub twigs and leaves, and fine-detritus plant matter. The gravimetric ice content of unit C varies between 50 and 100%, by weight, for interbeds, and between 100 and 250%, by weight, for cryosol horizons, reflecting the typical ice supersaturation of such permafrost deposits. The cryostructure of the sediment is banded with lenslike reticulation between ice bands.
The deposits of unit C are mainly characterized by a uniform magnetic susceptibility of 50-60 SI, except for the lowermost peaty horizons (Fig. 5) . The mean grain size usually falls between 25 and 50 mm. The carbonate contents are substantially higher (2-6% by weight) than in all other units. The TOC, C/N and d
13
C values are rather similar in both composite profiles. The minor variations of these parameters reflect the occurrence of cryosols within the sequences. Changes in d 13 C values are caused by changes in organic matter provenance (i.e., plant remains and/or the decomposition of organic matter). The grain size distribution patterns of unit C are relatively wide (i.e., poorly sorted; Fig. 6 ), contradicting a pure aeolian genesis (loess). However, aeolian processes are very likely to have been involved in providing sediments for these deposits. The similarity between grain size distributions of various samples in the Ice Complex indicates a continuity of the same sedimentary processes during the accumulation.
Unit D. In places, unit C is discordantly covered by a 2-m thick sequence (unit D2, 24-26 m a.s.l. in profile 1) of cryoturbated peat soil horizons (Fig. 3a) , with loamy interbeds that represent the filling of small thermokarst ponds and polygonal ponds that developed on top of the Ice Complex (Yedoma hills). At the Yedoma surface these fillings usually appeared as irregularly distributed peat patches (10-50 m in diameter). The sediments of these small thermokarst-like depressions contain thin (<1-m width) white ice wedges. Unit D2 is very ice-rich (gravimetric ice content 84-136% by weight), and the cryostructure is ice-banded and lens-like.
Additionally, unit D includes deposits of thermoerosional valleys (unit D1) that discordantly cover the Ice Complex deposits of unit C in these narrow valleys. The lower part of our unit-D1 profile (MAK-11; Fig. 4 ) contains two greyish-brown palaeo-sol, with peat inclusions and small ground wedges of about 10 cm in depth. The cryostructure is banded, partly massive or lens-like reticulated. The gravimetric ice content amounts to about 50%, by weight. The upper part of this profile consists of greyish-brown, well-bedded silty fine-grained sand, with some vertically oriented grass roots. It also contains wood fragments and peat inclusions. The cryostructure consists of ice bands and fine, sometimes broken, ice lenses (gravimetric ice content 46-130%, by weight).
Deposits in the thermokarst depression that belongs to unit D 3 (subpofile MAK-14; Fig. 4 ) were studied in a remote alas depression (about 8 km west of the Nuchcha Dzhiele River mouth). The sequence is composed of three parts. The lowest exposed 1 m of sediment consists of clayish fine-sandy silt with plant detritus, and is brownish in colour. The cryostructure is coarse lens-like and the gravimetric ice content is about 30%, by weight. This part is covered by a horizon of interbeddings of 2-3-cm-thick peat layers and sandy silt layers. Thin ice bands also occur. The gravimetric ice content varies between 45 and 110%, by weight. A cryoturbated peaty palaeosoil completes the sequence. The cryostructure is characterized by thick ice belts and vertical ice veins (gravimetric ice content 165%, by weight).
The cover of unit D2 contrasts obviously with the underlying Ice Complex deposits, especially in terms of magnetic susceptibility (26-8 SI) and d 
Geochronology
The three calculated OSL ages are 56.6 Ϯ 8.3, 31.3 Ϯ 4.6 and 31.8 Ϯ 4.3 Ky (Table 1 ; Fig. 4 ). Whereas the first age fits well with the radiocarbon chronology of the sequence, the upper two samples are significantly younger. Assuming that the radiocarbon estimates are correct implies that the upper two OSL ages are underestimated. Changes in sediment moisture cannot account for the underestimation, as water saturation was assumed for the samples, and lower water contents will result in even younger OSL ages. Another explanation would be radioactive disequilibrium, but those are restricted to the uranium decay chain. Although information about radioactive equilibrium is not available for the present samples because not enough material was available for gamma spectrometry, the nature of the sediment and the environmental conditions (permafrost) make significant losses of daughter isotopes of uranium unlikely. Furthermore, the concentration of uranium is so low that it accounts for only a small percentage of the total dose rate (<10%). Assuming a 100% loss of uranium daughter isotopes would not increase the ages to more than 36 Ky. Alternatively, one could speculate about the instability of the quartz OSL in this particular region, but all OSL decay curves are dominated by fast components that are considered to be stable. Furthermore, this would also be in contrast to previous experience in the region that indicates that OSL dating does not underestimate Eemian sediments by more than about 10% (Murray et al. 2007 ). In summary, we have an apparent age underestimation of the upper two OSL samples, but no reasonable explanation for it. It is therefore recommended that future work investigate samples from the area in more detail than was possible in this project.
The Early to Middle Weichselian age of unit A is also supported by an infinite radiocarbon age of >44.5 Ky, as determined from in situ grass roots from the transition zone between units A and B. It is assumed that unit A corresponds to the Zyryan cold period (stadial). According to five radiocarbon ages, the peat-sand alternation of unit B was formed at about 40-45 Kya (Table 2 ; Fig. 4 ). This horizon was formed during the Kargin interstadial period. The height-age relationship (Fig. 7) of composite profile 1 reveals a relatively large gap in the radiocarbon age sequence between 40 and 24.6 Kya. The gradual transition to the ice-rich unit C is only evident in one date of 31.2 Kya. For both composite profiles in the Ice Complex (unit C), continuous radiocarbon AMS dates were found for the periods between 26.6 and 15.9 Kya and between 27.2 and 14.5 Kya. These indicate that the Ice Complex formed during the Sartan cold period. The well-correlated age-height relationship (R 2 = 0.92 and 0.98) in both composite profiles (Fig. 7) allows the estimation of accumulation rates between 14 and 15 mm per year for the Ice Complex formation. The early Holocene period was radiocarbon dated in the upper part of the composite profile 1 (unit D2) at about 9.5 Kya, and was followed by late Holocene deposits (also unit D2) between 2.7 and 2.1 Kya. Deposits from a thermoerosional valley (unit D1 in subprofile Mak-11) were formed between 11 and 2 Kya. Four radiocarbon ages (Table 2 ) from sediments in a thermokarst depression (unit D3) revealed age inversions. The dates ranged from 16.8 to 1.5 Kya, and probably indicate partial redeposition of older organic material into the thermokarst depression.
Heavy mineral analysis
The dominant heavy minerals in the permafrost sequences of Cape Mamontov Klyk are epidote, pyroxene and amphibole (Fig. 8) , which are characteristic for crystalline metamorphic rocks. Grain morphology varies, but is mostly weakly rounded. The minerals are well preserved, except for epidote (often decomposed and altered) and micas (discoloured by iron oxide and fissured). Epidote occurs in both altered and fresh states. Well-formed prismatic crystals are rare. Sometimes epidote is coalesced with other minerals, e.g., zoisite. Rhombic pyroxenes are represented by hypersthene, and the clinopyroxenes are represented by diopside. Augites occur only as admixtures. The relationship between augite and diopside changes sometimes over short distances. Amphibole is usually represented by dark green hornblende. A small number of amphibole grains are colourless, grey-brown and bluish-green. Ilmenite, often altered to leucoxene, appears sometimes together with titanite. Titanite, frequently altered to leucoxene, is present in the form of prismatic and envelope-like crystals, but is more often found only as irregular fragments and aggregate grains. The colour of titanite grains ranges from light grey-brown to reddish grey-brown, with strong pleochroism. Tourmaline was found in the form of prismatic crystals and its fragments. The colour is grey-brown for Mg varieties and, more rarely, blue for Fe varieties. Garnets occur as irregular, non-rounded angular fragments of rose colour, and are seldom of the grey-brown, orange and light-yellow varieties. Chlotitoide, disthene, staurolite, andalusite and sillimanite, typical minerals of metamorphic rocks, are ubiquitously present in small quantities.
The samples studied are quite similar in heavy mineral composition, as well as in grain shapes. No strong alterations were observed in 135 samples covering the entire exposed sequence. We conclude that no changes of the source material area occurred over the period of deposition. The source materials were mainly crystalline metamorphic rocks of the Anabar Shield.
Palynological results
The lowermost sediments (unit A) from Cape Mamontov Klyk were OSL and radiocarbon dated to between 56.2 Ϯ 6.7 and >44.5 Kya, and contained no pollen grains, which suggests a fluvial origin.
The oldest radiocarbon-dated pollen spectra from Cape Mamontov Klyk, pollen zone I (PZ-I) of Fig. 9 , corresponds with the uppermost grass root-bearing transition horizon of unit A. Pollen of Cyperaceae, Poaceae, and Artemisia and Encalypta spores dominate the spectra. PZ-I is characterized by high contents of green algae colonies of Botryococcus and especially Pediastrum, indicating the existence of shallow water accumulation conditions. The relatively high content of Encalypta spores in several samples point to disturbed soils. Aside from the sandy interbeds, PZ-I is dominated mostly by Cyperaceae and Poaceae pollen. It also contains rather numerous colonies of Botryococcus. The lowest sample (Mak12-1, 27.7 Kya) of Ice Complex unit C still belongs to PZ-I, suggesting that Ice Complex formation had already started at the end 
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Unit A, (n=11) Unit B (n=25) Unit C, profile 1 (n=30) Unit C, profile 2 (n=35) active erosion processes) and spores of fungi such as Glomus (indicating disturbed soils), and dung-habitat Sordariaceae (Sporormiella, Podospora and Sordaria). Pollen data indicate that open tundra-and steppe-like associations dominated the area during the Late Weichselian (Sartan). The climate was very cold and dry. However, a relatively high content of algae colonies in the sediments indicates that sedimentation occurred in shallow water bodies (e.g., ice-wedge polygon centres). Rather numerous dung-habitat Sordariaceae indirectly reflect the presence of grazing mammal herds in the area. Sediments radiocarbon dated to ca. 16.5 and 14.5 Kya contain higher amounts of Salix than the older sediments below, indicating wetter and warmer conditions after the Last Glacial Maximum (LGM). Similar changes were found in the eastern part of the Laptev Sea region (Bykovsky Peninsula; Andreev et al. 2002) . The lower pollen spectrum of PZ-III, radiocarbon dated to 11 Kya, originates from the lower part of the thermoerosional valley sequence (unit D 1). This spectrum is dominated mostly by pollen of Poaceae, with some Cyperaceae, Alnus fruticosa and a few Betula sect. Nanae. A small peak of Alnus (11%) and the presence of Betula in the spectrum point to a relatively warm climate (e.g., alder is absent in the modern vegetation). Thus, the pollen spectrum reflects significant climate amelioration in the area, and can be correlated with the Allerød according to the radiocarbon date. Similarly dated pollen spectra from the eastern Laptev Sea coast (Grosse et al. 2007; Andreev et al., in press) are also characterized by rather large quantities of shrub pollen, and reflect the same climate amelioration. The upper pollen spectrum of PZ-III contains less shrub pollen, whereas Brassicaceae, Caryophyllaceae, Asteraceae and Glomus spore content are higher. The changes mirror the deterioration of the climate, which can be correlated with Younger Dryas cooling.
Early Holocene pollen spectra (PZ-IV) from the Holocene cover (unit D 2) on the top of the Ice Complex sequence were radiocarbon dated at around 9.5 Kya. The spectra are dominated mostly by pollen of shrubs (A. fruticosa, Betula and Salix) and semi-shrubs (Ericales), with some Cyperaceae and Poaceae. Spores of Equisetum and Encalypta, indicators of disturbed soils, are also common. The pollen spectra indicate that shrub-tundra vegetation was dominant, and that there was a significant amelioration in climate relative to the previous period. The high content of dung-inhabitating Sordari- aceae spores indirectly reflects the presence of grazing mammal herds in the area. Late Holocene pollen spectra (PZ-V) from the uppermost part of units D1 and D2, radiocarbon dated to between 2 and 3 Kya, are dominated by the pollen of Poaceae and shrubs (mostly Salix). Such spectra reflect low shrub-tundra vegetation. The climate conditions were significantly colder than during the early Holocene. The surface pollen spectrum (PZ-VI) is dominated by Poaceae, with some Cyperaceae, and reflects the modern tundra environment in the area well.
Plant macrofossil results
All samples studied for plant macroremains originate from profile 1, which includes units A-D. Their composition was affected less by the macroclimate than by depositional conditions, which changed dramatically between the different facies. The two samples taken from the lowermost sandy unit A were completely free of identifiable plant remains. This results from the probable fluvial deposition regime. Running water tends to remove lightweight sediment fractions, including plant remains. The presence of macrofossils was thus affected less by macroclimate than by depositional conditions, which changed dramatically between the different facies. The available plant remains were altogether well preserved. Plant taxa could be identified mainly by very characteristic plant parts, such as seeds, fruits, buds and leaf fragments.
Plant fossil content and composition in unit B were also obviously affected by fluvial sedimentation, resulting in alternating sand-peat bedding that was likely to indicate the successive migration of a river branch and changing current velocities. Sandy samples in unit B were therefore also very poor in plant remains: usable material came mainly from the peaty interlayers. As expected from the depositional environment, the floristic composition in these samples was dominated by wetland plants, such as sedges and cotton grass (Table 3 ). The yellow marsh saxifrage (Saxifraga hirculus) was present exclusively in unit B. Although in low quantities, we also detected the remains of plants that are characteristic of upland habitats, including Kobresietea (abundant in individual samples: Dryas and Kobresia myosuroides) and Arctic pioneer communities (Thlaspitea rotundifolii). Only subArctic shrubs were absent. This relative diversity in vegetation types, reflecting the presence of various, also dry, habitats, might be an indication of relatively dry and warm environmental conditions, superimposed with local wetness as a result of the periodical flooding from the nearby river.
As indicated by sediment characteristics and the homogeneous floral composition of plant remains, the taphonomic conditions remained constant within unit C, which is composed exclusively of Ice Complex deposits. According to the radiocarbon dating, unit C was deposited during the Last Glacial Maximum and the latest stage of the Weichselian glacial. In contrast to the other sedimentological units, the macrofossil assemblages in unit C are indicative of the macroclimate, rather than of local environmental conditions. The Ice Complex could only have been formed under very cold winter temperatures (i.e., during cold stages when the climate was extremely dry and continental). Plants typical of Arctic pioneer vegetation, and sporadic species of Kobresietea and steppe communities, were found (Table 3) , thereby reflecting the existence of a tundra steppe with a cold and dry climate. In one late glacial sample, Salix cf. arctica remains were dominant: also an indicator of cold conditions.
The floral spectra changed dramatically towards unit D 2, which was separated from unit C by a hiatus. Unit D corresponds with the Holocene. The most characteristic features in the lower part of unit D were the presence and dominance of sub-Arctic shrubs and semi-shrubs, including Betula nana, A. fruticosa and Empetrum nigrum, clearly reflecting a drastically higher temperature than in unit C (Table 3 ). The abundance of water sedges (Carex sect. Phacocystis) indicates paludification, perhaps as result of thermokarst processes. Dryness indicators mostly disappeared in unit D, except for Potentilla stipularis, which was found in the lowermost sample Mak10-5.
Even within unit D, another drastic floral shift occurred. In the late Holocene sample 10-11, vascular plant remains were almost entirely absent, despite the peat substrate that consisted of moss remains. The only vascular plants that could be identified were Salix, Luzula and Juncus sp. These plants are resistant to cold temperatures and wet conditions, and indicate a large temperature drop compared with the Early Holocene and continuously wet conditions.
Results of fossil mammal studies
The taxonomic composition of the bone collection is typical for the mammoth fauna of Arctic Siberia (Fig. 10a) . However, the percentages of various species differ. Reindeer bones are predominant (ca. 43%), in contrast to horse (ca. 33%), woolly mammoth (ca. 10.5%) and bison (ca. 5%). Such a low number of mammoth bones and large quantity of reindeer bones could be explained by taphonomic factors, and does not necessarily reflect the composition of mammal populations during the Late Pleistocene. The large number of Plant macrofossil record of the Cape Mamontov Klyk permafrost sequence and reconstructed plant communities (Syntaxa) according to the present day main occurrences of the identified plant taxa. Dotted lines indicate that some plants may occur in several communities. ¥100 = several hundred individuals.
reindeer bones probably involved both fossil and modern reindeer bones. The preservation of all bones is typical for Ice Complex sites. They are very well preserved, and often have light-coloured, smooth outer surfaces and fragments of marrow inside the bones. Each bone has a white colour at the chip. Therefore, modern bones on the shore are not easily distinguished from fossil bones. Most of the bones (80%) were collected on the shore near the mouth of the Nuchcha Dzhiele River. This collection consists of small bones, bone fragments and the teeth of hooved animals that were washed up by the river. However, large limb bones and teeth of woolly mammoth were absent at that site.
Only 20% of the collection was found directly in the exposures and on the shore in front of them. Eight bones were found strictly in situ in Ice Complex deposits. Three bones (tusk, thigh and thoracic vertebra) from this group probably belong to one woolly mammoth individual that lived 34 500 Ϯ 1400 years B.P. Another in situ woolly mammoth bone (thigh) was dated to 26 500 Ϯ 250 years B.P. Both dated samples were found at about 10-12 m a.s.l.
Nearly 20 samples that belong to the second and the third group were also found within the exposure, but not in situ. Samples (tusk, thigh and thoracic vertebra) of the first and the second group are important for the geological interpretation. In contrast to the taxonomical percentages for the whole collection (Fig. 10a) , the composition of the first three groups is rather typical for the mammoth fauna. Fossil remains of woolly mammoth (ca. 25%), horse (ca. 30%) and reindeer (ca. 33%) are dominant.
A fourth group of nearly 70 samples includes bones that were collected on the shore in front of the exposure. The majority of the bone collection comes from the small area near the mouth of the Nuchcha Dzhiele River: 395 samples. Bones in this group were indubitably sorted and rounded by fluvial transport. This group has a completely different type of preservation, with many small scratches, cracks and a dark colour, not only on the outside, but also on the inside of the bone. The species composition of this group differs from the exposure bone collection. The number of reindeer bones (ca. 47.5%) is significantly higher than the number of mammoth bones (ca. 9.5%). The radiocarbon dating of bones completes our taxonomical study. We have 11 radiocarbon dates (Table 4 ; Fig. 10b ): three dates from woolly mammoth bones, six dates from horse bones and two dates from musk ox bones. The radiocarbon dates lie between 39 and 17 Kya.
Discussion
Based on our field observations and laboratory analyses, we conclude that significant facies changes occurred in the study area during the considered late Quaternary period, and that these changes were probably related to broader environmental changes (Fig. 11) .
The lowermost sand unit A was deposited in a hydrological system of higher transport energy compared with units B and C. We assume that a river branch was the likely accumulation environment for unit A (Fig. 11a) . The lack of variations in sediment over the whole deposition period point to rather uniform environmental conditions. Similar sand horizons were widely distributed along the coast west and east of Cape Mamontov Klyk. Sandy deposits similar to unit A were also described further inland near the Pronchishchev Ridge, and along the Urasalakh River valley (Bolshiyanov & Makarov 2004) . According to data from a drilling transect stretching from the cliff near Cape Mamontov Klyk out north onto the Laptev Sea shelf (about 12 km), this sand continues at more than 10 m below the sea level ). Based on this evidence, a riverdominated landscape is reconstructed for the Zyryan period (corresponding to Early Weichselian cold stage, and to marine isotope stage 4 [MIS 4]), when fluvial sand sequences accumulated in the study area in front of the Pronchishchev Ridge (Fig. 11a) . A fluvial sedimentation regime is unfavourable for the deposition and preservation of organic matter. Potential bioindicators are therefore scarce in unit A. The lack of organism remains makes the reconstruction of environmental conditions difficult. Similar palaeoriver conditions have been described further east along the Chekanovsky Ridge in the western Lena Delta Wetterich et al. 2008) , and in front of the Kharaulakh Ridge at Bykovsky Peninsula, south-east of the Lena Delta Kienast et al. 2005; Grosse et al. 2007) . A gradual transition to shallow fluvial deposition at the study site is indicated by the occurrence of grass roots in the uppermost horizon of unit A (>44.5 Kya). During the final stage of deposition of unit A, the initial composite sand-ice wedge formation coincided with the termination of fluvial activity. As these composite wedges are well preserved, we conclude that the river was only episodically active, with shallow water conditions by that time, and thereafter.
The shallow water conditions continued to about 45-40 Kya during the Kargin interstadial period. The entire length of the more moderate Kargin period in Siberia corresponds to the Middle Weichselian interstadial or MIS 3. The following peat-sand alternation of unit B was probably formed by variable accumulation conditions on a floodplain terrace or in silted-up oxbow lakes. The peat-sand complex of unit B is composed of four peat beds with high TOC contents, alternating with sandy interbeds with very low TOC contents. It thus demonstrates a highly variable environment. The high C/N ratios accompanying the high TOC contents are an indication of limited decomposition of organic matter under anaerobic conditions, such as those found in swampy and waterlogged areas. They also indicate quick freezing and transformation into permafrost deposits. The flooding of the area that led to the deposition of sand occurred in alternation with the stagnant water periods that are favourable for plant growth and the accumulation of organic material. The formation of a generation of smaller ice wedges connected with separate peat layers proves the existence of ice-wedge polygons, which were repeatedly buried by peat and sand. Finally, the sequence is the first evidence of well-dated Kargin deposits that do not belong to Ice Complex sequences, as is usually the case in the Laptev Sea region. The fluvial phase terminated with the accumulation of the Ice Complex (unit C). According to pollen data, the Ice Complex formation had already begun at the end of the Kargin interstadial, and continued during the Sartan stage (corresponding to the Late Weichselian glaciation, MIS 2). Surface conditions that remained stable over long periods with extremely cold winters permitted the formation of extensive ice-wedge polygons on the flat accumulation plain in front of the Pronchishchev Ridge (Figs. 1, 11b) . Perhaps the palaeoriver channel that deposited units A and B was affected by drastically falling discharge as a result of decreasing precipitation during the late Weichselian, when the climate was most continental. The accumulation of the fine-grained silty sand occurred within polygon centres. The slow transport and the rapid embedding of sediments into the permafrost favoured the deposition and preservation of organic remains usable as environmental indicators. Pollen, plant macro remains and mammal bones indicate the existence of a mammoth steppe environment under a cold and dry continental climate. Ice wedges developed syngenetically with continuous sedimentation during the entire Sartan stage. The transition of unit B to the Ice Complex is characterized by an increase in the silt fraction, pointing to a generally low level of transport energy in the hydrological system.
Because of the poorly sorted silt and sand fractions, we conclude that the Ice Complex deposits of unit C are not primarily of aeolian origin. This may contradict the current concept of "Arctic loess" (e.g., Tomirdiaro 1982) . For the deposits studied, we assume initial niveo-aeolian accumulation of clastic material in snow patches and névés in the nearby Pronchishchev Ridge, in accordance with Kunitsky et al. (2002) . These sediments were subsequently redistributed by irregular meltwater run-off onto the accumulation plain. Along the transport path additional frost weathering products were included, and the poorly sorted sediments finally accumulated in the low centre polygons. This combination of processes would explain both the aeolian grain fraction and the low sorting of the studied Ice Complex deposits.
The general accumulation pattern did not change during the Sartan period. Relatively constant medium TOC contents are an indication of stable plant growth and more or less uniform surface conditions. C/N ratios lower than those in the peat horizons of unit B point to relatively dry and rather aerobic conditions in the active layer, with enhanced decomposition of the organic material. Based on the decrease in grain size accompanying the formation of this unit, a floodplain with no permanent direct fluvial influence can be assumed as the accumulation environment. The run-off as main sediment supply was characterized by very low flow velocities, with little discharge in general and without a dominant direction. Irregular slope run-off originating in the Pronchishchev Ridge probably replaced the river flood plain facies during that period.
According to heavy mineral analysis, the source area of sediments did not change during the entire Late Pleistocene time span. This implies only hydrological reorganization of the local catchment area and no largescale changes, as has been concluded for the Lena Delta region (Schwamborn et al. 2002; .
The geological structure of the section studied implies that the modern coast cuts into a former depression in the sandy and peaty-sandy deposits of units A and B, which was later filled by Ice Complex deposits in the Late Pleistocene (unit C). After filling the depression, the Ice Complex sediments subsequently covered the whole area.
The general lateral architecture of the coastal section of Cape Mamontov Klyk (Fig. 2) , i.e., the elevation and age relationships between the units A-C, lead us to conclude that the region subsided locally during the Late Weichselian Ice Complex accumulation. Between sandy sequences that accumulated until about 40-45 Kya, and exposed to a height of 10-15 m a.s.l., the coastal section contains younger deposits of the continuous Ice Complex sequence (Fig. 2) . These are exposed laterally between the sandy units at sea level along a distance of several kilometres, and they also cover the sandy deposits along the coast. The two geochronologically well-correlated Ice Complex sequences indicate simultaneous sedimentation of ice-rich permafrost deposits at different elevation levels (Fig. 7) . We here speculate that neotectonic subsidence of a local graben structure was compensated by Ice Complex deposition during the Sartan period.
The occurrence of deposits correlated with the Allerød interstadial in the lower part of unit D 1, below the bottom of a thermoerosional valley and a hiatus between late glacial and early Holocene deposits, verifies the beginning of permafrost degradation resulting from climate warming already starting at the end of the Late Pleistocene. The presence of sub-Arctic shrub-tundra with dominating A. fruticosa and Betula sect. Nanae, as evidenced by pollen and plant macro remains, indicates warm conditions with a mean temperature in the warmest month up to 10°C. Thermal degradation of the Ice Complex is indicated by wetland plants in pollen and macrofossil records. The sedimentation on top of the Ice Complex (unit D 2) started locally during the early Holocene, when small initial thermokarst depressions were formed. There is a gap in the geochronological sequence of about 6 Ky, between 9.5 and 2.7 Kya, that was probably caused by thermoerosion. The phenomenon of local early Holocene sedimentation in small thermokarst depressions on top of the Ice Complex is reported in several studies around the Laptev Sea Andreev et al., in press; Wetterich et al. 2008) . Ice Complex degradation during the onset of Holocene warming caused the formation of the numerous thermokarst depressions that are widely distributed on the accumulation plain (Fig. 11c) . About three-quarters of the modern coastal plain in the study area is affected by thermokarst and thermoerosional processes (Grosse et al. 2007) , which is characteristic for lowland areas in north-east Siberia. Because of age reversals, the thermokarst depression sequences allow only a general palaeoenvironmental interpretation. The youngest ages might indicate the time of lake drainage by coastal erosion.
Conclusions
The coastal exposures of Mamontov Klyk in the western Laptev Sea represent four environmental stages of the northern plain of the Pronchishchev Ridge. This periglacial plain evolved under changing hydrological regimes that were most likely related to broader environmental changes. Initially, a fluvial run-off system (possibly southeast/north-west oriented) existed along the north side of the Pronchishchev Ridge. This fluvial system gradually shifted to an irregular slope run-off system (south-west/ north-east oriented), originating in the hills and discharging over a wide floodplain with highly seasonal and overall low discharge rates. Both regimes resulted in the accumulation of permafrost deposits during the Early to Late Weichselian.
A further dramatic reorganization of the landscape was connected with degradation of these ice-rich permafrost sequences by thermokarst and thermoerosional processes during the warmer and moister Allerød and the early Holocene. The existing run-off system of the accumulation plain was reorganized towards numerous local catchments, with individual thermokarst depressions and lakes. Continuing postglacial sea-level rises during the Holocene lifted the erosional basis of the modern run-off system. This shifting hydrological regime, which appears to be typical across the north-east Siberian lowlands during the Late Pleistocene, is similar in its dimension and environmental effects to the rerouting of the northern Eurasian drainage during the Early to Late Weichselian, as reported by Mangerud et al. (2004) .
The reconstructed Late Quaternary climate and environmental dynamics in the western Laptev Sea are comparable with similar reconstructions in regions further east. This especially applies to the large fluvial run-off along the mountain chains from 100 to about 40 Kya Wetterich et al. 2008) . The exposures indicate alluvial conditions with sandy peat accumulation on the shelf plain for the Kargin interstadial period. Further to the eastern Laptev Sea region, this period is frequently characterized by Ice Complex sequences only (e.g., Schirrmeister, Siegert, Kunitsky et al. 2002; Schirrmeister, Siegert, Kuznetsova et al. 2002; Andreev et al., in press) . The typically open tundrasteppe vegetation attests to a relatively moderate and humid interstadial climate. The LGM period (Sartan glaciation) was characterized by continuous accumulation of ice-rich permafrost deposits between 27 and 15 Kya under very cold and dry climate conditions. Here we present the only continuous Sartan record in the Laptev Sea region besides the sequence on Bykovsky Peninsula, south-east of the Lena Delta Kienast et al. 2005) .
Palaeoecological results, as well as d
13
C data from organic matter, indicate that only freshwater aquatic and subaerial terrestrial environments without connections to marine or brackish environments, as mentioned by Bol'šijanov et al. (2007) , existed on the accumulation plain in front of the Pronchishchev Ridge as a part of the exposed Laptev shelf between about 50 Kya and today. The Mamontov Klyk sedimentary record is one of the westernmost Late Quaternary archives of the nonglaciated Beringian landmass. It closes a gap between the Taymyr Peninsula and the Lena River Delta in the nevertheless still wide-meshed net of palaeoclimate datasets for the Quaternary environment of the Eurasian north. The periglacial dynamics of our study area in the western Laptev shelf lowlands were likely to have been connected with Late Pleistocene dynamics of the Eurasian ice caps, located on the Putorana Plateau (about 900 km southwest of the study area) and on the north coast of the Taymyr Peninsula (about 500 km north-west of the study area), at about 90 and 60 Kya . During that time the Khatanga and Anabar rivers drained parts of the glacial meltwater towards the western Laptev shelf (Kleiber et al. 2001) . Although the fluvial activity in our study area is of periglacial and not of glacial origin, there is a clear signal of high fluvial activity in the region during that period. During the LGM, the Eurasian ice sheet was smaller in extent than in the previous stadials, with a probably ice-free Putorana Plateau, and a limited glaciation on the Taymyr Peninsula. During the same period, the deposition patterns in our study region changed from sandy sediments towards the accumulation of the fine-grained ice-rich sediments of the Ice Complex indicative of a highly continental climate and a strongly seasonal hydrological regime.
